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Water–tert-butyl alcohol (TBA) binary mixture exhibits a large number of thermodynamic and
dynamic anomalies. These anomalies are observed at surprisingly low TBA mole fraction, with
xTBA ≈ 0.03−0.07. We demonstrate here that the origin of the anomalies lies in the local structural
changes that occur due to self-aggregation of TBA molecules. We observe a percolation transition
of the TBA molecules at xTBA ≈ 0.05. We note that “islands” of TBA clusters form even below this
mole fraction, while a large spanning cluster emerges above that mole fraction. At this percolation
threshold, we observe a lambda-type divergence in the fluctuation of the size of the largest TBA
cluster, reminiscent of a critical point. Alongside, the structure of water is also perturbed, albeit
weakly, by the aggregation of TBA molecules. There is a monotonic decrease in the tetrahedral order
parameter of water, while the dipole moment correlation shows a weak non-linearity. Interestingly,
water molecules themselves exhibit a reverse percolation transition at higher TBA concentration,
xTBA ≈ 0.45, where large spanning water clusters now break-up into small clusters. This is accom-
panied by significant divergence of the fluctuations in the size of largest water cluster. This second
transition gives rise to another set of anomalies around. Both the percolation transitions can be
regarded as manifestations of Janus effect at small molecular level.
I. INTRODUCTION
Ever since the seminal review of Franks and Ives [1] in
1966, where they endorsed the idea of structural trans-
formations as the underlying cause for many anomalies
observed in water-alcohol systems, the microscopic ori-
gin of the anomalous behavior of amphiphilic solutes in
water has been frequently discussed. Examples of such
non-ideal behavior in the binary mixture of water and
amphiphilic solutes are varied and well-studied [1–16].
Sometimes the anomaly is strongest at surprisingly low
solute concentrations.
Dramatic anomalies in thermodynamic and dynamic
properties are routinely observed in aqueous binary
mixtures of many amphiphilic solutes like methanol,
dimethyl sulfoxide(DMSO), ethanol, dioxane, phenol,
glycerol, etc. Unfortunately however these systems are
studied and reported as individual cases, without ad-
dressing the scope of a general unifying understanding
that could have far reaching consequence. We have
earlier reported studies of water–DMSO [17, 18] and
water-ethanol [19] mixtures. The striking similarity of
water-TBA binary mixture to water-DMSO and water-
ethanol solutions certainly points to the above mentioned
possibility of a unified understanding of the anomalies
in all these binary mixtures, in terms of hydrophobic-
hydrophilic character of these amphiphilic molecules.
As the amphiphilic solutes contain both hydrophobic
and hydrophilic groups, the same molecule can induce op-
posite effects in water. While the hydrophilic groups can
interact favorably with water (forming strong H-bonds),
the hydrophobic groups tend to self-aggregate and dis-
rupt the water structure by hydrophobic hydration. Such
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dual effects are often referred to as “Janus Effect” [20]
after the name of the Greek God Janus, with two faces
one facing forward and the other opposite. These two op-
posing effects combine together to modify the extensive
H-bond network of water in their aqueous binary mix-
tures [21, 22]. The idea of structural orientation of water
molecules surrounding an alcohol molecule was first con-
ceived by Frank and Evans [2]. They suggested that the
non-polar residues of the alcohol molecules reinforce low
entropy water caging, with strong H-bonds in the first
hydration shell of the alcohols. This creates an open
network structure of water (as in low temperature wa-
ter, or ice). The solute then goes into the open network
structure of bulk water, thus reducing the total volume
required. This picture, popularly known as the “iceberg”
model, received broad support from different studies in
the years to follow.
However, this concept fell short in explaining the mod-
ern diffraction experiments [23–27]. The alternative pic-
ture proposed self-association of the amphiphilic solutes
to form hydrophobic aggregates [22, 28]. The hydropho-
bic aggregates lead to a microheterogeneity in the sys-
tem, though it remains homogeneous in the macroscopic
scale. The properties of the aggregates and the physical
nature of microheterogeneity are not fully understood,
and remain a subject of current research and debate.
Among monohydric alcohols that are miscible with wa-
ter at any proportions, tertiary butyl alcohol (TBA) pos-
sesses the largest aliphatic group. The hydrophobic in-
teraction is, therefore, much higher than many other am-
phiphilic small molecules. This is manifested as strong
anomalies in many physical and thermodynamic proper-
ties. Partial molal volume of TBA, as evaluated from
density measurements by Nakanishi [29], showed a sharp
minimum at xTBA ≈ 0.03. Visser et al used flow mi-
crocalorimetric technique to calculate the heat capac-
2ity of water-TBA mixture [16]. The heat capacity in-
creases up to xTBA ≈ 0.05 and then falls to its molar
value – a trend which is similar to the aqueous solu-
tion of surfactants. Hence, they suggested some kind of
microphase transition, similar to micellization. Iwasaki
and Fujiyama [30] predicted encaged TBA molecules sur-
rounded by H-bonded water molecules (the then-popular
“iceberg” model) following their Rayleigh light scattering
experiment, which showed that concentration fluctuation
of water-TBA mixture, beyond xTBA ≈ 0.05, deviated
abruptly from ideal values with increase in temperature.
Bender and Pecora [31] detected considerable dispersion
in ultrasonic speed of sound in water-TBA mixture over
a concentration range 0.0-0.16 during Brillouin scatter-
ing experiment. Structural relaxation of water molecules
surrounding the solute was used to rationalize the ob-
servations. In yet another light scattering experiment,
Vuks and Shurupova [32] found an additional maximum
at xTBA ≈ 0.03 (apart from the theoretically predicted
one) and interpreted the same using phase transition.
However, their results were later contended [33].
Recently, Egorov and Makarov [34] did an extensive
study on volume and density properties of water-TBA
mixture over the whole concentration range. They found
anomalous behavior in excess molar volume, thermal iso-
baric expansivity, partial molar volume and partial ther-
mal isobaric expansivity. Despite the obvious consen-
sus on the thermodynamics of the association process,
the molecular level structure has been highly debated.
Apart from the general success of “iceberg” model, an-
other explanation involved the clathrate-hydrate struc-
ture, wherein the TBA molecules were supposed to form
clathrates with water molecules. Such clustering phe-
nomenon was used to explain many experimental re-
sults. As for example, Euliss and Sorensen [35] inter-
preted the anomaly in correlation length of concentration
fluctuation, measured by photon correlation spectroscopy
(PCS), in terms of TBA and water clathrate aggregates.
Similarly, the microscopic concentration fluctuations ob-
served in static and dynamic light scattering experiment
by Subramanian et al [36] was speculated to be aris-
ing from metastable clathrate-like precursors triggered
by minute traces of impurities. However, such expla-
nations were questioned by the diffraction experiments.
Bowron, Finney and Soper [37, 38] observed “dominant
non-polar to non-polar solute contacts” in water-TBA bi-
nary mixture, particularly at mole fraction 0.06, in their
neutron diffraction study using hydrogen / deuterium iso-
topic substitution. The aggregation of TBA molecules
close to the anomalous concentration range was further
supported by direct structural evidence from small an-
gle neutron scattering experiments [28, 39]. Contrary to
the earlier speculation of enhancement / destruction of
water structure in an alcohol solution, these experiments
showed that the local structure of water is surprisingly
close to that of bulk water. The excess entropy arises
from incomplete mixing at the molecular level, rather
than from water restructuring. Concentration fluctua-
tions, obtained from small angle X-ray scattering mea-
surements by Nishikawa et al. [40], though originally in-
terpreted using the clathrate-like structure of water in the
first hydration shell, actually corroborates to the idea of
microsegregation.
In their specially designed mass spectrometric stud-
ies, Wakisaka and co-workers [41] found direct evidence
of self-aggregation of TBA. Such microsegregation, also
sometimes referred as microheterogeneity, is observed
even in aqueous methanol – the lowest member of the
homologous series of monohydric alcohols. Study of ab-
sorption spectra using chromophores also showed the ex-
istence of the aggregates [10–12].
Given the controversy over the exact molecular picture
in water-TBA mixture, one might naturally expect that
computer simulation studies would be able to sort out
the scenario. Indeed, several simulation studies [42–50]
have been performed on this important binary mixture,
at different concentrations and using different force fields.
Early in the 1990’s, Tanaka and Nakanishi [42] performed
simulations on this system and noted self-aggregation of
TBA molecules at mole fraction 0.17. However, no such
clustering was observed at xTBA = 0.08 or 0.03. Later in
2000, Kusalik et al focused on the structure of the binary
mixture at xTBA = 0.02 and 0.08 via molecular dynamics
simulation with two different TBA force fields [43]. Con-
trary to the earlier results, they observed spontaneous
formation of small aggregates persisting up to tens of
picoseconds at xTBA = 0.08, but not at xTBA = 0.02.
At the same time, they also noted structural ordering of
the surrounding water structure. Several other simula-
tion studies [44–46] revealed the self-association of TBA
molecules in their binary mixture. Lee and Vegt [47] pro-
posed a modified force field for TBA in aqueous solution,
in order to have a better approximation of the Kirkwood-
Buff integrals and made detailed analysis of the struc-
tural aspects, again asserting the presence of TBA self-
aggregates. Kezic and Perera [48] introduced a “molecu-
lar emulsion” picture, based on Teubner-Strey approach,
to describe the microheterogeneity of water-TBA binary
mixture. Recently, Gupta and Patey [49] have done an
extensive simulation on water-TBA binary mixture using
different force fields, by including up to 64000 particles.
Although their study indicated certain inconsistency in
the force-field and system-size dependency of water-TBA
solutions, the general picture of self-aggregation of TBA
molecules remained undisputed. However, even using an
effective fragment potential (EFP), wherein the param-
eters are derived from ab-initio calculations, Hands et
al. [50] found that at low TBA concentrations, the struc-
ture of water is enhanced and water and TBA are not
homogeneously mixed at the molecular level.
In the present work, we have used a system size of 3000
particles and the Lee-Vegt potential [47] for describing
the TBA. It has been earlier shown that these conditions
sufficiently reproduce the general nature of this binary
mixture. We demonstrate that the anomalies can be un-
derstood in terms of a percolation transition of the solute
3molecules at relatively low concentration. At very low
concentrations, the TBA molecules self-aggregate induc-
ing microheterogeneity in the system. Beyond a critical
concentration, the self-aggregated molecules start form-
ing a spanning cluster culminating in a percolation tran-
sition. The physical and thermodynamic anomalies of the
system are observed mostly in this concentration regime.
Our previous works have shown that such a perco-
lation transition also occurs in the aqueous solutions
of other amphiphilic solutes, like dimethyl sulfoxide
(DMSO) [17, 18] and ethanol (EtOH) [19]. We must
emphasize that the present work is a continuation of this
series of investigation with aim towards a unified under-
standing of aqueous binary mixtures of amphiphilic so-
lutes.
The rest of this article is organized as follows. In Sec. II
we report the details of simulation. In Sec. III, we have
discussed the dependence of local structure and diffusion
coefficient of TBA on composition of the binary mixture.
In Sec. IV, we present the analysis of percolation, using
the classical approach, as well as the fractal dimension
approach. We also interpret the anomalies in terms of
percolation. In Sec. V we consider the structural changes
in the water molecules alongside the percolation transi-
tion of TBA molecules. In Sec. VI we have tried to locate
the percolation threshold of water molecules, at relatively
higher mole fraction of TBA. We present some snapshots
of the simulation in Sec. VII. Finally, we have concluded
the discussion in Sec. VIII.
II. SIMULATION DETAILS
We have performed molecular dynamics (MD) simula-
tion of the water-TBA binary mixture. All simulations
have been done at 300 K temperature and 1 bar pressure.
We have used the extended simple point charge model
(SPC/E) [51, 52] for water. We have treated the TBA
molecules as united atoms, using the force field proposed
by Lee and van der Vegt [47]. To performMD simulation,
we have used GROMACS (version 4.5.5) which is highly
scalable and efficient molecular simulation engine [53–56].
We created solvent box containing TBA and water,
performed energy minimization, and then equilibrated
them for 2 ns, keeping the volume and temperature con-
stant. After that, we again performed an equilibration at
constant pressure and temperature for 2 ns before doing
the production run for 20 ns at constant pressure and
temperature. The cubic solvent box, in all cases, had
3000 particles with proper mole fraction ratio. The cal-
culations of all the properties of the binary mixture were
done using these trajectories.
Periodic boundary condition was applied in all the sim-
ulations. We have used Nose-Hoover thermostat [57, 58]
for temperature coupling and Parrinello-Rahman baro-
stat [59] for pressure coupling. We have used a time
step of 2 fs for all the simulations. We employed a grid
system for neighbor searching while calculating the non-
bonded interactions. Neighbor list generation was per-
formed every 5 step. The cutoff radius for neighbor list
and van der Waals interaction was 1.4 nm. To calcu-
late the electrostatic interactions, we used particle mesh
Ewald (PME) [60, 61] with a grid spacing of 0.16 nm and
an interpolation order of 4.
III. STRUCTURAL AND DYNAMICAL
CHARACTERIZATION: ANOMALIES OF THE
BINARY MIXTURE
Several experimental studies have revealed the com-
position dependent anomalies of water-TBA binary mix-
ture. For example, partial molar volume [29], excess heat
capacity [62], ultrasonic absorption [63], light scatter-
ing [30, 31, 35], etc show non-monotonic dependence on
the composition. Most of these anomalies are observed
at low concentrations of TBA (xTBA ≈ 0.03− 0.07). The
radial distribution function (rdf) has always been an in-
valuable tool to get an insight of the structural proper-
ties of a system. Here we study the rdf of the central
C atoms of TBA molecules at different concentrations of
the binary mixture. A comparison of the rdf at different
concentrations of the binary mixture is shown in Fig. 1a.
We have focused on the low concentration regime of the
binary mixture since the anomalies are mostly observed
in this regime. We find that the height of the first peak
of rdf has non-monotonic composition dependence, and
is plotted in Fig. 1b. The peak height of the rdf increases
up to xTBA ≈ 0.07 and then starts decreasing. The peak
height gives a measure of the probability of finding the
molecules at the given distance, i.e. it gives a measure of
the relative concentration of the molecules. Hence, the
relative concentration of TBA in the first hydration shell
increases up to xTBA ≈ 0.07, followed by a decrease in the
relative concentration. That means, as concentration of
TBA is increased they initially fill up the first hydration
shells (i.e. they form self-aggregates) before spanning out
over the rest of the system.
The second peak of the rdf, shown in the inset of
Fig. 1a, is also interesting. Initially, below xTBA ≈ 0.05,
the second peak of the rdf appears at 0.9nm. At xTBA ≈
0.05, the second peak becomes flat and extended like
a plateau. As we increase the concentration, the flat
plateau-like region disappears and shows a distinct peak
at ∼ 1.1nm. This clearly indicates the enhancement of
the density of TBA molecules in the second neighboring
shell beyond xTBA ≈ 0.05. This is a unique behavior of
aqueous TBA solution, and is appearing due to the ag-
gregation of the TBA molecules. It is further discussed
in Sec. IVB.
In order to give an overview of the dynamic anoma-
lies, we evaluated the composition dependence of the
self-diffusion coefficient of TBA and plotted the same
in Fig. 2. It reveals non-monotonic dependence on the
concentration. The self-diffusion coefficient decreases as
we increase the concentration of TBA, which is quite
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FIG. 1. (a) Radial distribution function (rdf) of the central
C atom of TBA at various concentration of the aqueous bi-
nary mixture. The legend shows the mole fraction of TBA
at various concentrations. Inset: Enlarged region of the sec-
ond peak. (b) The height of the first peak of rdf is plotted
against composition. There is a non-monotonic behavior in
the peak height showing that there is enhanced ordering of
TBA molecules at xTBA ≈ 0.07. Note the shift in position of
the second peak as well.
expected. However, there is a change in slope of the
decrease at xTBA ≈ 0.05 − 0.06. This indicates an ar-
rested motion of the TBA molecules in that concentra-
tion range, which will be further revealed in Sec. IVB.
Next, we probed the local structure of the system. The
origin of the non-monotonic composition-dependence of
many physicothermal properties (like diffusion and vis-
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FIG. 2. Change of diffusion coefficient of TBA with compo-
sition. The diffusion coefficient at different concentrations is
shown by solid circles, while the solid line is an aid to the eye.
Note the abrupt change in slope of the diffusion coefficient
before xTBA ≈ 0.05 and after xTBA ≈ 0.06, while the diffu-
sion coefficient remains almost unchanged at xTBA ≈ 0.05 and
0.06.
cosity) of binary mixtures can be understood from the
composition fluctuation of the system, especially those
at small length scales [64, 65]. Here, we studied the con-
centration dependence of average composition fluctuation
of the system. In Fig. 3, we show the concentration de-
pendence of the local composition fluctuation (σ2x) of the
system. We measure the mean square deviation of mole
fraction of TBA in a sphere of a given radius (a) at dif-
ferent concentrations of the binary mixture.
σ2x =
〈
(xi − x¯)
2
〉
(1)
where x is the mole fraction of TBA in the mixture.
Within a sphere of radius 0.5nm, we see a sudden increase
in the local composition fluctuation at a concentration,
xTBA ≈ 0.06. However, the amplitude of the fluctuation is
rather small for a larger spherical region. We would like
to draw particular attention to the length-scale depen-
dence of the composition fluctuation observed here. This
is a matter of great importance because it may control
the solvation of solutes in a non-trivial manner. While
a small solute like methanol / ethanol is susceptible to
such composition fluctuation, a much larger solute (like
a protein) might see only an average composition. This
is the importance of Fig. 3.
IV. PERCOLATION TRANSITION OF TBA
A. Definition of clusters
To understand the microheterogeneity of the system,
we define self-aggregates of TBA as clusters. We follow
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FIG. 3. Average local composition fluctuation of the binary
mixtures at different concentrations. We consider a sphere
of radius a and calculate the local composition (TBA mole
fraction) at every step. We note that there is a sharp deviation
in the average local composition fluctuation, with a peak at
xTBA ≈ 0.05. The deviation becomes less prominent as we
increase a, thereby showing that the fluctuation is a local
phenomenon.
the traditional method of defining connectivity in clus-
ters of non-bonded systems through radial distribution
functions (rdf). We measured the rdf of central C atoms
of TBA. The first minimum of the rdf (Fig. 1a) gives us
a measure of separation between the centers of two TBA
molecules. Not only that the central C atom is very close
to the center-of-mass of the molecule, but also the bulki-
ness of the t-butyl groups and the spherical electron den-
sity ensures that the central C-atoms should be within
a particular distance if there is any hydrophobic associ-
ation. We then defined the TBA clusters based on that
criterion of mutual separation. We noted that if the cen-
tral C-atoms are within a distance of 0.8nm then we can
consider two TBA molecules to be associated together to
form a cluster. A cluster is defined as a group of TBA
molecules connected by this nearest neighbor distance.
B. Percolation transition
In our calculations, we considered clusters of size s,
with the fraction of s-sized clusters being ns. We cal-
culate the basic quantities involved in percolation [66].
We plotted the first moment of s, i.e. sns against s for
various concentration of the binary mixture, as shown in
Fig. 4. At lower concentrations, we find that the system
is microheterogeneous with several sized cluster prevail-
ing in the system. But as we increase the concentration,
the peak value of 〈sns〉 approaches 1, indicating that one
continuous spanning cluster exists in the system. The
bimodality [67, 68] of the cluster size distribution is an
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FIG. 4. Plot of average number of TBA molecules in a clus-
ter against the scaled cluster size. Here, s is the size of the
cluster, and ns is the number of s-sized cluster. At lower
concentrations, the TBA molecules form smaller sized clus-
ters. However, as the concentration increases, larger clusters
start forming, and after a certain concentration, almost all
molecules in the system are associated to form a single large
cluster.
indicative feature of percolation transition.
In order to quantify the percolation transition, we cal-
culate the order parameter for transition [66],
∑
s2ns ,
normalized by the number of TBA molecules present in
the system. It is interesting to note here that this is a
second moment term, which gives the susceptibility. In
analogy with the standard approach of percolation the-
ory, the different concentration of the binary mixture sig-
nifies the occupational probabilities. The summation is
done over all possible cluster size, and the variation in
order parameter over the concentration range is shown
in Fig. 5.
We find here that TBA undergoes a percolation transi-
tion at xTBA ≈ 0.05. Surprisingly, most of the anomalies
in the mixture are observed in the concentration range
xTBA ≈ 0.03− 0.07. These anomalies were attributed to
structural transformations. It has been earlier suggested
that clathrate-like alcohol hydrates are formed in dilute
water-TBA solutions [20, 30, 35, 40]. However, we do
not find any such clathrate-like structures. Our results
corroborates to the neutron diffraction study of Bowron,
Finney and Soper [37], who found similar self-aggregates
of TBA molecules driven mainly by hydrophobic inter-
actions of the tert-butyl groups. The presence of TBA
aggregates leading to microheterogeneity in the mixture
has earlier been shown in extensive simulations by Gupta
and Patey [49]. However, as mentioned earlier, charac-
terization of these clusters has been scarce [48].
The percolation transition of the TBA clusters changes
the nature of the binary mixture – leading from microag-
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FIG. 5. Plot of the order parameter in percolation transition
of TBA. Here, s is the size of the cluster, and ns is the num-
ber of s-sized cluster. The percolation threshold appears at
xTBA ≈ 0.05.
gregates to a bi-continuous phase. The TBA molecules
start forming aggregates in the concentration range of
xTBA ≈ 0.02 − 0.03, and finally form a spanning cluster
beyond xTBA ≈ 0.06. The results presented here suggest
that this microphase transition could be responsible for
the anomalous behavior of water-TBA binary mixture. It
is to be noted here that true “percolation” is discussed in
terms of probabilistic description, but in this case, what
we are observing is closer to, but not exactly, a boot-
strap percolation. The crossover from microaggregates
to a bi-continuous phase is not only facilitated by occu-
pational probabilities but also the inherent nature of the
TBA molecules to self-aggregate, driven by hydrophobic
interaction. Without going into the details of the origin
of hydrophobic interaction, which itself is a demanding
discussion, we would rather consider the manifestation
of this transition on composition-dependent anomalies.
We will continue with the nomenclature of “percolation
transition” to denote this clustering transition through
the rest of this article.
We can now understand the origin of the representa-
tive anomalies that we have discussed earlier in Sec. III,
viz. radial distribution function of central C atom of
TBA, and diffusion co-efficient of TBA. At the percola-
tion threshold, one should expect an extended but fluc-
tuating network of TBA molecules (see Fig. 7), which is
reflected in the increased height of the first peak, and a
broad “plateau-like” second maximum. Beyond the per-
colation threshold, the extended network becomes stable
and is reflected in the shift of the second peak. The first
peak height decreases because the relative concentration
in the first neighboring shell decreases since the TBA
molecules are now forming a spanning cluster.
The self-diffusion coefficient of TBA is also directly
related to the percolation transition. As shown in
Fig. 2, the rate of decrease in self-diffusion coefficient
is distinctly different before and after percolation transi-
tion. Before percolation, the particles are free to move,
whereas their motion is arrested when they form the
spanning cluster beyond percolation threshold. Hence,
it is quite obvious that the slope is much steeper be-
fore percolation, as compared to that after percolation.
The indifference of the self-diffusion coefficient values at
xTBA ≈ 0.05 and 0.06 is clearly a direct consequence of
the percolation threshold. This can be explained more
easily if we look at the plot from the opposite direction.
As we are decreasing the concentration of TBA, the self-
diffusion coefficient is increasing. However, if we decrease
the concentration from xTBA ≈ 0.06 to 0.05, there is no
decrease in mobility because all the TBA molecules are
now involved in the spanning cluster. Hence, there is no
change in the self-diffusion coefficient as well. Just below
that, at xTBA ≈ 0.04, the spanning cluster breaks down
to form smaller aggregates, their mobility increases and
the self-diffusion coefficient takes a noticeable jump.
Our previous studies have shown that such percola-
tion transition happens in case of other amphiphilic so-
lutes as well. We have shown similar transitions in case
of ethanol [19] and DMSO [17, 18] at xeth ≈ 0.10 and
xDMSO ≈ 0.15, respectively. In case of TBA, the per-
colation takes place at a much lower concentration (as
compared to ethanol and DMSO) owing to the strong
hydrophobicity of the t-butyl group. As mentioned ear-
lier, such percolation transition is a general phenomenon
common to this class of binary mixtures of amphiphilic
solutes, but not appreciated sufficiently.
C. Further evidence of percolation transition from
fractal dimension
We substantiate our findings by calculating the fractal
dimension of the largest cluster at various concentrations
of the binary mixture. It has been argued before that the
largest cluster of a system is a fractal object above the
percolation threshold and no objects with fractal dimen-
sion lower than 2.53 can be infinite in three-dimensional
space [69, 70]. Hence, the true percolation threshold is
located where the fractal dimension of the largest cluster
in the system reaches the critical value of 2.53.
The fractal dimension of the largest cluster has been
evaluated using the sandbox method. The key idea is to
measure from a chosen point of the largest cluster of the
system, how many other points lie within a given radius.
In effect, however, this gives the cumulative radial dis-
tribution function of the groups belonging to the largest
cluster of the system. We denote this function as m(r).
In other words, m(r) is the number of groups belonging
to the largest cluster and located closer than the distance
r from the center of mass of the cluster. The fractal di-
mension, df is then evaluated by fitting the following
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FIG. 6. Plot of the fractal dimension, df against mole fraction
of TBA. The percolation threshold for a cluster in a three-
dimensional system is located where the fractal dimension
of the largest cluster reaches the critical value of 2.53. The
critical value is shown by the red dotted line. xTBA ≈ 0.05 the
d
f just exceeds the critical value, indicating the percolation
threshold.
equation,
m(r) ∼ rd
f
(2)
We obtained the values of fractal dimension from the
logarithmic plot (not shown here). In Fig. 6, we show
the plot of the fractal dimensions, df at various concen-
trations of TBA in the binary mixture. We find that
the fractal dimension just reaches the critical value at
xTBA ≈ 0.05. This proves that for the water-TBA binary
mixture, the t-butyl groups form a percolating network.
The percolation threshold as measured by standard ap-
proach and that from the fractal dimension are in exact
agreement, and we can, therefore, safely conclude that
the percolation threshold appears at xTBA ≈ 0.05.
D. Divergence of mean square cluster size
fluctuation
Percolation is a very weak phase transition, and criti-
cal phenomena are not generally observed in the thermo-
dynamics of the system, but the structural changes are
prominent. In case of TBA, we find large scale fluctu-
ations in the size of the largest cluster. The size of the
largest cluster, scaled by the number of TBA molecules,
is plotted as a function of time in Fig. 7. With increasing
concentration of TBA, the fluctuations in the largest clus-
ter size increase up to the percolation threshold, above
which it again start decreasing. Fluctuations are gener-
ally quantified by the standard deviation,
σ2sl =
〈
(sl − 〈sl〉)
2
〉
(3)
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FIG. 7. Size of the largest cluster of TBA, scaled by the
number of TBA molecules, as a function of time. Note how
the fluctuations increase with increasing concentration and
then recedes after the percolation threshold.
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FIG. 8. Standard deviation in the size of the largest cluster
of TBA, as function of TBA mole fraction in the binary mix-
ture. Note the divergent-like growth, reminiscent of a phase
transition.
where sl is the size of the largest cluster. The standard
deviation is plotted in Fig. 8 as a function of TBA mole
fraction. We find a divergence at the percolation thresh-
old, indicative of a critical phenomenon. We anticipate
that this phase transition is a universal phenomenon and
should also be observed in case of other amphiphilic so-
lutes in water.
V. STRUCTURE OF WATER IN THE
MIXTURE AT LOW CONCENTRATION:
OBSERVATION OF MILD PERTURBATION
While we show that TBA molecules undergo a perco-
lation transition in the water-TBA mixture, it is inter-
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FIG. 9. Distribution of O—O—O angles between water
molecules at different concentrations of the binary mixture
(shown in legend). The fraction of water molecules with tetra-
hedral structure (peak height at ∼ 104◦) is decreasing while
the peak height of interstitial water molecules is increasing.
esting to explore how the structure of water responds to
the change. As shown by Gupta and Patey [49], the ra-
dial distribution function of the oxygen atoms of water
at xTBA ≈ 0.03, 0.04, 0.05 and 0.06 does not show any
significant difference in short length scales (even up to
8A˚). This indicates that the water-rich regions are not af-
fected by the percolation transition. However, one might
think that the orientation of the water molecules would
respond to the strain caused by the spanning clusters of
TBA. One useful way to capture the changes in water
structure due to the hydrophobic association of the co-
solvents is to calculate the tetrahedral order parameter
(th) [71]. It is defined as
th =
1
nwater
∑
k

1− 3
8
3∑
i=1
4∑
j=i+1
[
cosψikj −
1
3
] (4)
where ψikj is the angle formed between the O atoms of
the kth water molecule and the O atoms of the nearest
neighbors, i and j. In Fig. 9, we show the distribution
of ψikj , and in Fig. 10 we plot the th values at various
concentrations of the binary mixtures.
The O—O—O angle distribution (Fig. 9) clearly shows
that number of water molecules with the tetrahedral
orientation decrease with composition (peak height at
∼ 104◦), while the interstitial water molecules increase
(peak height at ∼ 60◦). The change in orientation of the
water molecules is quantitatively captured by the tetra-
hedral order parameter, which decreases monotonically
(Fig. 10) with increasing concentration of TBA in the
binary mixture. Thus, TBA acts as a structure breaker
for water, and reduces the tetrahedrality. Interestingly,
the change in water structure is gradual and systematic
in spite of the percolation of TBA molecules.
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FIG. 10. The tetrahedral order parameter of water at different
concentrations of the binary mixture. Note that TBA is a
structure breaker for water, and reduce the tetrahedrality.
However, there is no significant non-monotonic behavior in
the concentration regime of percolation transition.
It is also instructive to probe the dielectric constant of
water, since it depends on the intermolecular correlation
of the dipole moments, which in turn should be affected
by the relative orientation of the molecules. Several the-
ories have been established to highlight the importance
of cross-correlations among the species in binary mix-
tures [72, 73]. But they are difficult to address analyt-
ically for the molecules that are considered here. Nev-
ertheless, we have studied the cross-correlation between
the dipole moments of the components to understand the
gross effect of change in orientation. The static dielectric
constant, ε(0) is given by,
ε(0) = 1 +
4pi
(
〈M2〉 − 〈M〉2
)
3kBT 〈V 〉
(5)
where M is the total dipole moment vector, kB is the
Boltzmann constant, T is the temperation and V is the
volume of the system. 〈. . .〉 denotes time averaging. We
are interested in the components of M2, which in our
case, are given by,
9M
2 = nwater|µ
w|2 + nTBA|µ
T |2 + 2

nwater∑
i6=j
µ
w
i · µ
w
j +
nTBA∑
i6=j
µ
T
i · µ
T
j +
ntot∑
i6=j
µ
w
i · µ
T
j

 (6)
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FIG. 11. Cross correlation shown in terms of the dot product
of the total dipole moment determined by Eq. 6 as a function
of mole fraction.
where µw and µT are dipole moments of water and TBA
respectively, and nwater and nTBA are respectively the
number of molecules of water and TBA. The time av-
erages of the correlation terms within the bracket are
plotted in Fig. 11 at different compositions of the bi-
nary mixture. We find a weak anomaly in the correlation
of dipole moments among the water molecules, which is
also reflected in the cross-correlation term. This is in-
triguing since it reflects the decrease in molecular level
orientational correlation, and is a direct consequence of
the strain in the solution imposed by the spanning of the
TBA clusters. It signifies that there is a non-monotonic
loss in orientational ordering among the dipoles of the
water molecules, although the tetrahedral order parame-
ter does not show such non-linearity.
VI. PERCOLATION TRANSITION OF WATER
AT HIGHER CONCENTRATION:
COOPERATIVE BREAKUP OF SPANNING
WATER CLUSTER
As the concentration of TBA is increased, another fas-
cinating scenario unfolds, but this time involving wa-
ter molecules themselves that forms a spanning cluster
at low concentrations. It has earlier been pointed out
that in case of other amphiphilic solutes water under-
goes a percolation transition at higher concentration [74].
This transition, however, is less elusive, as compared to
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FIG. 12. Plot of the order parameter in percolation transition
of water. Here, s is the size of the water cluster, and ns is the
number of s-sized cluster. The percolation threshold appears
at xTBA ≈ 0.45.
the percolation of solute, and has been studied in great
details for different mixtures. We define clusters using
the criteria of H-bond. Different definitions have been
used to estimate the H-bonds based on on the basis of
various energy and structural criteria. Here we have
adopted the geometric criterion proposed by Klein and
co-workers [75]. If two water molecules are H-bonded,
they are considered to be belonging to the same clus-
ter. In Fig. 12 we plot the order parameter for perco-
lation transition (as defined in Sec. IVB), which shows
that the percolation threshold appears at xTBA ≈ 0.45.
This is also reflected in the fluctuation of the largest wa-
ter cluster in the system. The fluctuations in the size
of largest water cluster during the simulation time are
shown in Fig. 13. The standard deviation of the largest
water cluster size, as defined in Sec. IVD, at different
mole fractions of TBA is shown in Fig. 14. At the water
percolation threshold, we find a significant divergence of
the standard deviation – very similar to that at the TBA
percolation threshold.
VII. SNAPSHOTS OF THE SIMULATION
In Fig. 15, we show some snapshots from our simu-
lation to show the aggregation in this aqueous solution.
We show the snapshots at three different concentrations
– one just before the onset of percolation transition of
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FIG. 13. Size of the largest cluster of water, scaled by the
number of water molecules, as a function of time.
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FIG. 14. Standard deviation in the size of the largest cluster of
water, as function of TBA mole fraction in the binary mixture.
TBA (xTBA ≈ 0.03), another at the percolation threshold
(xTBA ≈ 0.05) and the last one beyond the critical concen-
tration of percolation (xTBA ≈ 0.07). The TBA molecules
are shown in red color in a surface representation, while
the water molecules are shown in blue (using a different
representation for clarity, since the water molecules will
also form a continuous phase at this concentration). At
low concentration, xTBA ≈ 0.03, before the onset of per-
colation transition, the co-solvents form “islands”. We
see that the TBA molecules are forming segregated clus-
ters. At the critical concentration, xTBA ≈ 0.05 and be-
yond, we note that these “islands” have associated to-
gether to form spanning clusters, and there is an overall
bi-continuous phase in the system. This microhetero-
geneity is of very low length and time scale so that they
are not visible in the macroscopic phase.
FIG. 15. Snapshots of the simulation box at 3 different
concentrations, (a) xTBA ≈ 0.03, (b) xTBA ≈ 0.05 and (c)
xTBA ≈ 0.07. The surface of the aliphatic groups of the
TBA molecules is shown in red, while the water molecules
are shown in blue. Note how the segregated “islands” at
xTBA ≈ 0.03 forms a spanning cluster at the percolation
threshold, xTBA ≈ 0.05.
VIII. CONCLUSION
In this work we have demonstrated the appearance
of a percolation transition of the TBA clusters occurs
at a composition range where the anomalies are most
prominent. We have characterized the microheterogene-
ity using percolation theory. As mentioned earlier, we
have found and reported in our previous works, simi-
lar percolation transition in aqueous binary mixtures of
11
dimethyl sulfoxide and ethyl alcohol. These are all rather
small amphiphilic solutes – they have both hydrophobic
and hydrophilic moieties in the same molecule. The hy-
drophobic groups form the core of the cluster while the
hydrophilic tails remain in contact with water. The del-
icate balance in energetics helps the cluster to exist in
a fluctuating microheterogeneous environment instead of
segregating out. We believe that the percolation tran-
sition is a general phenomenon – a phase transition in
the cluster size distribution, which was hitherto unex-
plored. With a proper analytical description, one might
be able to predict the structural features of these binary
mixtures, which would be immensely helpful to tune the
solvents towards greater utility. In a previous work [76],
we studied the lifetimes of such regions and found that
they are sensitive to the nature of the solute.
The complexity of intermolecular interactions of these
solutes with water molecules and among themselves of-
ten precludes a detailed molecular theory of such anoma-
lies [72, 73]. A generalized explanation connecting the
observed phenomena is still lacking. In progress of sci-
entific knowledge, it is often useful to understand the
phenomenon in representative subsets before reaching to
a more general conclusion. Hence, understanding the
anomalies of water-TBA solution is crucial and interest-
ing.
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